Background: Patients with ADHD are typically more variable in their reaction times (RT) than
Introduction
Attention deficit/hyperactivity disorder (ADHD) is a common psychiatric disorder of childhood with a complex, multi-factorial aetiology (Bidwell et al., 2007) . One of the most consistent findings across laboratory studies is that individuals with ADHD are more variable in their reaction times (RT) on neuropsychological tasks than control children (e.g. Kalff et al., 2005; Klein et al., 2006; Scheres et al., 2001; van Meel et al., 2005) . This heightened degree of intra-individual variability (IIV: typically reported as larger standard deviation (SD) of RT) is as strongly and reliably correlated with ADHD symptoms as are measures of more specific cognitive processes (Epstein et al., 2003; Kunsti et al., 2001) . IIV is often related to poor performance on tasks (e.g. Bellgrove et al., 2004) , although case/control RTV differences are sometimes seen even when there is no obvious performance deficits on other measures (for a review see Klein et al. 2006) . Increased IIV has been said to reflect state regulation deficits (Sergeant et al., 1999) , an astrocyte dysfunction (Russell et al., Low frequency reaction time oscillations in ADHD 6 on measures of IIV (SD of RT, ex-Gaussian measures of µ, σ and τ, or frequency domain specific measures of RT), raising questions about how generalisable these findings are across ADHD samples. Nonetheless, these alternative indices of IIV allow us to explore the temporal structure of RT data more effectively and may provide a useful alternative to global measures of RTV in the investigation of underlying biological mechanisms associated with enhanced IIV in ADHD.
While FFT evidence supporting the existence of low frequency periodicity in Flanker Task RT time-series data in ADHD has provided an important impetus for the development of new models of ADHD performance, it is obvious that the particular frequency band identified by these studies will be constrained in a number of ways by the characteristics of the task and the analysis used. First, the flanker task has a relatively slow event rate (typically an inter-stimulus of 3 seconds) so that the observation of cycles of more than 0.17 Hz (i.e. cycles shorter than 6 seconds) are not possible. In this regard it is interesting that Johnson et al., (2007) identified a different ADHD-differentiating frequency band using a sustained attention task with a shorter ISI of 1.5 second. Second, the Flanker task is a relatively complex task incorporating different stimulus types, with different response demands of varying difficulty (i.e. incongruent vs. congruent trials) so that the time series has to be reconstructed statistically to account for the RT difference between easier and more difficult trials. A recent study highlighted the effect of task difficulty on RT periodicity (Vaurio et al. 2009 ). On a Go/No-Go task, ADHD patients were best differentiated from controls in a frequency band from .027-.074 Hz, but in a complex version of this task, the ADHD patients were best differentiated from controls in a higher frequency band .074-.202
Hz (Vaurio et al. 2009 ). Third, previous analyses have summed power across theoretically derived frequency bands (slow 2, 0.2-0.5 Hz; slow 3, 0.06-0.2 Hz; and slow 4, 0.02-0.06 Hz, Low frequency reaction time oscillations in ADHD 7 see Penttonen & Buzsaki, 2003) . However, these boundaries may not capture the functionally important or most statistically significant elements with regard to differences between ADHD cases and controls. Finally, analyses have not taken into account that the power spectrum of human RT data, like periodic data from biological systems such as electrical and electromagnetic brain activity (Demanuele et al. 2007 ) decreases with increasing frequency: That is, it exhibits 1/f noise (Gilden et al. 1995; Gilden 1997; Gilden and Hancock 2007) . Because of this there may be a bias towards identifying power peaks in the lower frequencies if analyses are not adjusted for 1/f properties. This has not been done in previous analyses. In summary, task and methodological parameters, including analysis strategy have implications for, and may constrain, the frequency bands that can be observed and explored by frequency domain analyses.
We address these limitations in the current study. First, the task used to generate the time-series RT data is a simple choice RT task with a relatively short ISI (1500 ms). This allows an analysis across a broader frequency range (i.e. 0.01 to 0.30 Hz). Second, we employ a fine grained analysis of spectral power across a broader frequency range unconstrained by the theoretically-derived frequency band boundaries. Finally, we incorporate an assessment of spectral power peaks relative to 1/f noise.
We also assess the familiality of low frequency periodicity in ADHD RT fluctuations.
Given the probability that ADHD is genetically heterogeneous (Bidwell et al., 2007) , there is a need to find endophenotypes or biological markers associated with etiologically more homogenous and simpler forms (e.g. Doyle et al., 2005) . Some data support increased IIV, in general, as an endophenotype of ADHD. Groups of unaffected relatives of probands with ADHD, who share susceptibility genes for the disorder but do not express the disorder themselves, have been shown to demonstrate increased IIV (SD of RT) compared to controls Low frequency reaction time oscillations in ADHD 8 groups, including dizygotic twin pairs discordant for ADHD (Bidwell et al., 2007; Rommelse et al., 2007; Uebel et al., 2010) . Furthermore Nigg et al. (2004) have demonstrated that familial patterns of impairment segregate within ADHD families. When their sample of ADHD children was divided into two groups on the basis of whether they showed excessive IIV, they found that the relatives of those with high levels of IIV also had higher levels of IIV than a group of controls. Siblings of those ADHD patients without high IIV were no different from controls. The value of specific frequency bands of periodic fluctuations in RT as putative endophenotypes (i.e., their familiality) has not been examined. In this paper we report the first analysis of familiality of IIV, in terms of power in low frequency fluctuations in RT time series data.
In summary, in the present study we employ a fine grained analysis of spectral power across a broader frequency range in time series RT data derived from a simple task with a short ISI to; (i) isolate "peaks" in low frequency power that significantly differ from 1/f noise in cases and controls separately and (ii) identify ADHD-differentiating frequency bands. Heritability of ADHD-differentiating frequency bands will be measured by comparing ADHD probands with their unaffected siblings and controls and also the siblings of neuropsychologically impaired and unimpaired subgroups of ADHD. Through these analyses we aim to identify ADHD-differentiating frequencies in the RT time series that differ significantly from 1/f noise and are familial and so likely to be important mediators of aetiological processes.
Method
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Methods for the present study have been described elsewhere in three separate publications (see Bitsakou et al., 2008; Bitsakou et al., 2009; Sonuga-Barke et al., 2010a) and will be described only briefly here.
Participants
Seventy-one families with at least one child with ADHD and one sibling were initially recruited into the University of Southampton contribution to the International Multicentre ADHD Genetics study (IMAGE) database. Control participants were recruited from local primary and secondary schools. The ADHD, sibling and control samples are identical to the samples reported in Bitsakou et al. (2008) , Bitsakou et al. (2009) and Sonuga-Barke et al. (2010a) . Participants who made >15% omission errors on the task were not considered to be sufficiently engaged in the task and were excluded from further analysis (see Di Martino et al., 2008) . Seven children from the ADHD group and six children from the sibling group were excluded on this basis. Excluded children were younger (F[1,189] = 9.64, p = .002) and had greater conduct problems (F[1,189] = 6.17, p = .014) than not-excluded children. Data failed to record for two children in the sibling group. Six siblings of the ADHD probands were also affected by ADHD, and were included in the ADHD group in any case/control analyses but were excluded from familiality analyses. Therefore, 69 cases with ADHD, 56 unaffected siblings of a subset of these cases, and 50 controls were included in various analyses.
Inclusion criteria for ADHD cases was a research diagnosis of ADHD and inclusion criteria for both ADHD cases and controls was IQ > 70, age 6-17 years, and no other major mental health problems.
Diagnostic Criteria
The clinical diagnosis of ADHD-combined type was validated in all cases using the IMAGE project clinical algorithm, which are described in detail elsewhere (see Brookes et al., (Conners, 1996) , the Strengths and Difficulties Questionnaire (SDQ; Goodman, 1997), and Social Communication Questionnaire (Berument et al., 1999) were also used to quantify comorbid symptoms and to identify 'above cut-off' levels of impulsivity or hyperactivity in control children.
Procedure
The University of Southampton IMAGE neuropsychology protocol was approved by both the University of Southampton and local NHS medical-ethics committees. Any ADHD medication was discontinued for at least 48 hours before testing. All participants and parents gave their informed consent to participate in the study. The parent was administered the PACS during the children's neuropsychological testing (no PACS interview was undertaken with the healthy control children or non-ADHD siblings (i.e. Conners' T score < 63)). Each testing session lasted between 2 and 2.5 hours and children were allowed short breaks, the experimenter remained with each child throughout the task. All children received a £5 voucher for their participation.
Task & Measures
All participants completed a simple two-choice response RT task (2CR-RT; Hogan et al., 2005) as part of the larger test battery. In this task children were presented with 100 green left-or right-pointing arrows (left-and right-pointing arrows were presented with equal probability [50:50] in random order: 1500 ms ISI, 100ms stimulus presentation) in the centre of a computer monitor. Children were instructed to indicate the direction of each Low frequency reaction time oscillations in ADHD 11 arrow as quickly and as accurately as possible by a button press of the left or right computer mouse button. (WISC-III; Wechsler, 1991) were used to estimate full-scale IQ in all children. The vocabulary and block design subsets were used; this short form of the WISC-III is frequently used as a screening measure in research and has been shown to have good reliability (r = .911) and validity (r = .862) (Sattler, 1992) . The sum of the scaled score from these two subtests was converted into an estimated full-scale IQ deviation quotient using the conversion reported in Sattler (1992).
Wechsler Intelligence Scales for Children

Analytical Strategy
Task performance -RT and SD of RT
Impossible responses (<100 ms) for each participant were removed. The number of omission errors and directional errors for each participant was calculated. Consistent with previous research, Mean RT and SD of RT for each participant was calculated from correct responses only (see Di Martino et al., 2008) . For each measure, any outliers (individual's score > 3 SD from the group mean) were replaced by the group mean for that measure. Differences between groups in task performance were assessed using independent samples t-tests. The effect of comorbidities in ADHD cases (i.e. oppositional defiant disorder [ODD], conduct disorder [CD] , and anxiety disorder [AD]) was assessed by comparing comorbid and non-comorbid cases using t-tests.
RT data series pre-processing and signal processing analysis
To remove the impact of response type (correct or incorrect) on the RT data series, errors were regressed out and the unstandardised regression residuals were used in subsequent frequency domain analyses (see Helps et al., 2009 ). To maintain the structure and validity of the RT data series critical for FFT analysis, missing responses were Low frequency reaction time oscillations in ADHD 12 interpolated using a linear interpolation (SPSS version 15). For the frequency analysis, the 1500 ms ISI allowed for a frequency resolution of up to 0.33 Hz, while the 150 sec block length determined the lower boundary of 0.013 Hz. FFT analyses were conducted (using 60 point Hamming windows with 20 sample overlap) and two separate analyses were then performed on these data.
Identifying frequency bands that distinguish periodic structure of RT data from 1/f noise
First, we identified power peaks in the frequency domain that differentiated the periodic structure of RT time-series data from 1/f noise for cases and controls separately. To achieve this we first fitted a 1/f α + β model to the mean FFT for each group using EzyFit curve fitting software (version 2.30; see http://www.fast.u-psud.fr/ezyfit/). Previous work suggests that a 1/f α + β model provides a good fit to RT data where f refers to frequency, α refers to a spectral component and β represents the amplitude of a white noise component.
Although Gilden and Hancock (2007) have shown that these components may vary with group status (i.e. participants with attention deficits have a different frequency structure relative to controls), the 1/f α + β model successfully captured and accounted for this difference, providing a good fit for both groups 2 . We then compared each group's FFT score at each data point to the value predicted by the model, using a one-sampled t-test to identify peaks in the data that differed significantly from the 1/f distribution. As this large number of tests (total number = 8192 tests) would increase the number of false positives occurring by chance, we adopted a stringent criteria for identifying peaks differing from the 1/f noise with 500 consecutive significant results required (see Smith et al., 2007) . This represented a frequency band of minimum bandwidth, 0.02 Hz.
Identifying frequency bands that distinguish ADHD from controls
Second, using identical significance criteria as above, we attempted to identify frequency bands that differentiated ADHD from control individuals by directly comparing the frequency spectrum of each group. The statistical significance of differences between the ADHD and controls for each point in the whole frequency spectrum was tested using t tests, and the frequency bands that best differentiated the groups identified. Power was calculated as the area under the curve within each of these ADHD-differentiating bands for each of the groups, and as power is not normally distributed these data were (natural) log transformed. The effect of comorbidities in ADHD cases (i.e. oppositional defiant disorder
[ODD], conduct disorder [CD] , and anxiety disorder [AD]) was assessed by comparing comorbid and non-comorbid cases using t-tests.
Familiality of power within ADHD-differentiating frequency bands was assessed using one-way ANOVA to compare ADHD probands with their unaffected probands and the controls. Following Nigg et al., (2004) we divided the siblings into two groups -those with proband siblings who had high power within these bands (scored in the worst 20 th percentile for control children) which we called "impaired" and those that did not meet this inclusion threshold, which we called unimpaired probands. It was predicted that to show familiality, siblings of "impaired" ADHD cases would not differ from ADHD cases in terms of the power in ADHD-differentiating frequency bands but would differ from controls, while the opposite would be the case for the siblings of the "unimpaired" probands.
Results
ADHD cases and controls did not differ in age or gender. The ADHD cases had lower estimated full scale IQ, had more symptoms of ADHD and higher levels of conduct problems (see Table 1 ). On the 2-CR RT task, the ADHD cases and controls showed similar mean RTs.
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ADHD cases were found to make more errors and had higher SD of RT. These effects were unchanged after controlling for IQ. Table 1 reports the case control differences for the area under the curve of the different ADHD-differentiating frequency bands. There were no significant differences between comorbid and noncomorbid cases for any of these disorders in any of the outcome variables.
Familiality Analysis: Probands, unaffected siblings and controls did not differ in age.
Although there was a smaller proportion of boys in the sibling group compared to the proband or the control group (see Table 2 ), a multivariate ANOVA with gender entered as the independent variable found no significant effect of gender on any of the measures of variability and "non-impaired" probands we found evidence for within family correlations on SD of RT and the frequency band from .20-.26 Hz (see Table 3 ). That is, in both cases "impaired" children differed significantly from controls but not from probands in terms of IIV, while the reverse was the case for the unimpaired children. These effects remained significant after controlling for age and IQ.
Discussion
This study replicates previous findings of increased IIV (SD of RT) in ADHD and suggests that this variability has a low frequency periodic structure that is distinctive relative to controls. One band in particular (.20-.26 Hz: cycles 4-5 seconds) seemed especially important given that it demonstrated the greatest difference in the FFT spectrum between ADHD cases and controls and overlapped with a band on which ADHD cases power differed significantly from the predicted 1/f distribution, suggesting that this power peak could not be accounted for by 1/f noise. Finally, this band provided the strongest evidence of familiality.
This frequency band is somewhat higher than that typically found to differentiate ADHD children from controls in previous studies (Castellanos et al. 2005; Di Martino et al. 2008 ). However these analyses have used data from the Eriksen flanker task and this task may not be ideally placed to assess periodicity in time series data. It places high demands on interference control, has multiple trial types of varying difficulty (three different stimulus types and two different directions for each stimulus), and samples performance infrequently stimuli cannot be presented at extremely fast rates, utilising tasks with faster ISIs will allow a larger portion of the frequency spectrum to be examined and this will clarify the frequency bands which are able to best distinguish between ADHD cases and controls. The best possible tasks are probably those with continuous rather than discrete measures of performance. For instance, deviation from target plotted against time on a visual tracking task may provide the optimal measure of the periodic nature of performance lapses in ADHD.
The proband-sibling analysis provided evidence about the potential importance of this ADHD differentiating-frequency band as a putative endophenotype. First we examined the differences in the power in this band between probands, unaffected siblings and controls. Second we looked at whether this measure was specifically related to RT variability in unaffected family members. The findings were consistent with previous research (e.g. The current study differed from previous studies in that it used a data driven approach to identify the boundaries to ADHD-differentiating frequency bands rather than theoretically pre-defined frequency bands founded upon mathematical models of the properties of RT spectra and other physiological systems such as neuronal oscillations (see (which is limited to very low frequency bands by its sampling rate) and 4-5 second cycle fluctuations in RT data, has yet to be conducted. Future research utilising tasks with fast ISIs and concurrent EEG recordings will be able to answer these questions more directly.
In sum, we have shown that children with ADHD exhibit greater IIV than controls:
More specifically, they show periodic fluctuations in RT in time-series data. We highlight the potential importance of a particular frequency band (.20-.26 Hz: cycles 4-5 seconds) that strongly differentiated ADHD cases from controls, was different from 1/f noise and showed evidence of heritability.
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